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From examination of the central axonal projections of sensory bristles on the notum of several species of Drosophilidae, we demonstrate
different features that may indicate different functions for macro- and microchaetes. The large macrochaetes have conserved arborizations
that correlate with their conserved position. Nevertheless, we find evidence for only two discrete projection patterns for bristles in the
dorsocentral (DC) row, even when there may be four or five bristles present. We show that the small microchaetes of Drosophila
melanogaster display regional specificity and subsets of contiguous bristles project to a common region in the thoracic ganglion.
Interestingly, the axons of each of these subsets also form a specific fasciculation group on the scutum before joining the axon of a particular
macrochaete. The positions of microchaetes on the scutum and the shape of the fasciculation groups vary between closely related species.
There is no correlation between body size, bristle patterns, and fasciculation patterns. Furthermore, none of these traits correlate with the
phylogenetic relationships between the species studied. We discuss the possibility that macro- and microchaetes may have different functions
and that these have implications for evolutionary constraints on bristle patterns.
D 2004 Elsevier Inc. All rights reserved.
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The central projections of the sensory neurons of insects
have been shown to display a high degree of anatomical
organization and to project to specific regions of the
nervous system depending on their modality (Merritt and
Murphey, 1992; Merritt and Whitington, 1995; Murphey et
al., 1989a). Tactile hairs/bristles have been extensively
studied and display topographic projection patterns (Mur-
phey et al., 1989b; Newland, 1991). The positions of the
large sensory bristles in Drosophila melanogaster are very
precisely defined and invariant. Each macrochaete on the
notum has been shown to display a specific projection
pattern in the thoracic ganglion that is dependent on the
position in the epithelium at which the bristle precursor0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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E-mail address: pas49@cam.ac.uk (P. Simpson).forms (Ghysen, 1980). The specificity is thought to be an
intrinsic property of the neuron that results from the activity
of prepattern genes expressed in the epithelium of the
developing notum (Grillenzoni et al., 1998). As the anatomy
of the sensory projections is highly reproducible, it is
assumed that this is linked to synaptic specificity, as in other
insect systems. The orderly projections may reflect specific
behavioral characteristics. Indeed, it has been shown in
decapitated flies that stimulation of a single bristle elicits a
cleaning response that is restricted to a particular leg
(Vandervorst and Ghysen, 1980).
Comparisons between different species of Diptera have
not been systematically performed, although a few studies
point to possible conservation of central arborizations of
sensory organs at analogous positions between different
cyclorraphous flies (Chan and Dickinson, 1996; Merritt and
Murphey, 1992; Murphey et al., 1989a; Palka et al., 1986). If
specific arborization patterns reflect specific and conserved
functions for each bristle, then selection is likely to maintain
the patterns. As the arborization pattern is in turn dependent277 (2005) 170–183
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bristle positions would also have to be conserved. This may
be the reason for the remarkable conservation of bristle
patterns in cyclorraphous flies (McAlpine, 1981; Simpson et
al., 1999). We have initiated a systematic analysis by
comparing the central projection patterns of bristles between
several species of distantly related Drosophila.
Drosophilid species, like many other cyclorraphous flies,
are characterized by having both large (macrochaete) and
small (microchaete) mechanosensory bristles on the meso-
notum. The positioning of macrochaetes on the notum has
remained remarkably stable in the family Drosophilidae
(Grimaldi, 1987). The smaller microchaetes, on the other
hand, are usually very numerous and more densely packed
and generally do not occupy fixed positions on the notum.
Their spatial arrangements are poorly conserved, and closely
related species may display notable differences (Grimaldi,
1990). Little is known about their projections and organ-
ization. We find that, while individual macrochaetes at
similar positions in different species have similar arboriza-
tion patterns, individual microchaetes do not. Indeed,
microchaetes of D. melanogaster have very variable central
arborizations, and we were unable to detect specific differ-
ences related to the position of a bristle. Simultaneous
backfilling of groups of bristles did, however, uncover
regions of the scutum of D. melanogaster from which the
microchaetes project to a common area. This regional
specificity was found to correlate with the previously
described peripheral fasciculation patterns of microchaete
axons on the scutum (Usui-Ishihara et al., 1995). We have
examined seven species of Drosophila that display subtly
different microchaete patterns. We find that the peripheral
fasciculation patterns of microchaetes change in a dynamic
fashion between different Drosophila species.Materials and methods
Fly strains
We used the following species: Drosophila virilis,
Drosophila yakuba, and Drosophila erecta (from M.
Ashburner); Drosophila eugracilis (from the Tucson stock
center); Drosophila quadrilineata (from T. Ide); and
Drosophila simulans, Drosophila immigrans, and D. mela-
nogaster (Oregon-R). The Gal4-UAS system (Brand and
Perrimon, 1993) was employed to obtain overexpression of
the gene scute. The drivers sr-Gal4 and pnr-Gal4 were
provided by M. Calleja and G. Morata. The mutant ushRev24
is described by Cubadda et al. (1997). For other Drosophila
mutants, see FlyBase (http://flybase.bio.indiana.edu).
Analysis of projection patterns
Labeling of bristle projections was performed with DiI as
in Grillenzoni et al. (1998), with minor modifications. Afterlabeling, the central nervous system (CNS) was dissected
and mounted in Fluoromount-G medium using overlapping
coverslips to prevent compression and to maintain the three-
dimensional structure. Preparations were observed with a
Leica fluorescent microscope, and images were taken using
the software FW4000 and processed with Photoshop
(Adobe).
Immunostaining
Anti-HRP and 22C10 antibody staining was performed
using standard procedures.Results
Central projection patterns of macrochaetes in Drosophila
species
The positions of many of the macrochaetes on the notum
have been conserved during the evolution of Drosophilid
flies (Grimaldi, 1987, 1990). Most species have very similar
patterns in spite of considerable differences in body size. To
ascertain whether constancy of position reflects conserva-
tion of axonal projection patterns, we have examined the
sensory projections of the two dorsocentral (DC) bristles. In
D. melanogaster, both of these were shown earlier to have
an anterior, a posterior, and a cross-branch, with variable
side branches (Ghysen, 1980). The posterior branch of the
posterior DC (pDC) bristle has a metathoracic cross-branch
and is very long, extending as far as the metathoracic
ganglion (Fig. 1D). The posterior branch of the anterior DC
(aDC) has no metathoracic cross-branch and indeed extends
only as far as the middle of the mesothoracic leg neuromere
(Fig. 1A). The DC bristles of D. virilis and D. erecta are
found at identical locations to those of D. melanogaster.
Projections of the aDC and pDC macrochaetes of these
species were seen to be very similar to those of D.
melanogaster (Figs. 1B, C, E, F), as were those of
Drosophila ararama (not shown). They bear the same
branches extending to the same regions of the thoracic
ganglion, and as in D. melanogaster, the posterior branch of
the pDC extends to the metathoracic neuromere. The two
projections will be called aDC-type or pDC-type in the
remainder of the text.
Most species of Drosophilidae bear two DC bristles per
heminotum, but a few have several, a trait characteristic of
many other families of cyclorraphous flies (McAlpine,
1981). D. quadrilineata is one such species, and individ-
uals have either four or five DC bristles (Fig. 2B). To look
more closely at the effect of bristle position on axonal
projections, we have examined the DC bristles in this
species. The posteriormost bristle (pDC) occupies a fixed
position in all animals. It is always the longest and has a
pDC-type central projection (Fig. 2C). The bristle imme-
diately anterior to the pDC has a slightly variable position,
Fig. 1. Projection patterns of macrochaetes of Drosophilids. Macrochaetes labeled with DiI. The aDC bristles of D. melanogaster, D. erecta, and D. virilis are
shown in A (n = 5), B (n = 9), and C (n = 4), respectively, while the pDC bristles are shown in D (n = 27), E (n = 20), and F (n = 14), respectively. They project
between the pro- and mesothoracic leg neuromere (pro-N, meso-N). The aDC comprises three branches: an anterior branch, a main cross-branch, and a
posterior branch. The anterior and posterior branches are of similar length. The pDC projections comprise four branches, an anterior branch (ab), a posterior
branch (pb), a main cross-branch (mcb), and a metathoracic cross-branch (mycb). The posterior branch is long and extends as far as the metathoracic ganglion
(meta-N). Both aDC-type and pDC-type have variable side branches. These patterns were the same in all three species and are similar to those previously
reported for D. melanogaster (Ghysen, 1980).
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than in those with four (Fig. 2B). It was found to display a
projection characteristic of either the aDC-type (Fig. 2A)
or the pDC-type. Interestingly, the closer the position of
this bristle to the pDC, the higher the frequency of a pDC-
type pattern (Fig. 2B). Bristles situated in more anterior
positions always displayed an aDC-type projection (Fig.
2D). No cases of a central arborization intermediate
between that of the aDC and pDC were observed.
Central projections of dorsocentral bristles in mutant D.
melanogaster
Some mutants of D. melanogaster also display more
than two DC bristles. Such is the case for extramacro-
chaetae (emc) mutants that have ectopic DC bristles often
situated anterior to the wild-type aDC bristle (Fig. 2E).
This phenotype is due to ectopic accumulation of theachaete-scute (ac-sc) proteins whose activity precedes and
is required for the development of bristle precursors
(Ghysen and Dambly-Chaudiere, 1988; Modolell and
Campuzano, 1998). In the emcpel mutant, the majority of
ectopic macrochaetes anterior to and aligned with the aDC
display projection patterns like that of the wild-type aDC
(Fig. 2G). Macrochaetes close to the pDC were mostly
pDC-like (Fig. 2F).
There are some indications from the literature that the
prepattern genes, whose activity regulates patterning of the
notum and sites of ac-sc expression, may also participate in
the determination of neuronal specificity (Grillenzoni et al.,
1998). We have tested this hypothesis by examining the
sensory projections in animals mutant for the prepattern
gene u-shaped (ush) (Cubadda et al., 1997; Haenlin et al.,
1997). This gene is expressed on the notum in a medial
domain that is immediately adjacent to the precursors for the
DC bristles (Cubadda et al., 1997). Later, at 20–24 hours
Fig. 2. Projections of additional DC bristles. The bristle pattern of D. quadrilineata is shown in B. The DC bristles are labeled 1 to 4 from the posterior, as
shown on the left side of this animal. Nineteen pDC bristles (number 1) were examined and found to have a projection pattern similar to the pDC of D.
melanogaster and D. virilis, shown in C. Twenty-six bristles at position 2 were examined, and 20 of these were found to have an aDC pattern, similar to the
aDC bristles of D. melanogaster, D. erecta, and D. virilis, shown in A, while the other six had a pDC pattern. Bristles at positions 3 and 4 were all of the aDC-
type, shown in D (n = 11 and 7, respectively). Where five DC bristles are present, as on the right side of the animal shown in B, bristle number 2V is closer to the
pDC. In these cases, this bristle has a lower frequency of aDC-type projection (2/8). The bristle pattern of the D. melanogaster mutant emcpel is shown in E.
Eight out of ten additional DC bristles (*) close to the pDC, labeled F in E, had a pDC-like projection; the other two were aDC-like. Sixteen out of twenty-one
bristles close to the aDC, labeled G in E, had an aDC-like projection; one was pDC-like and the other four displayed microchaete-like projections.
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is expressed in the DC neurons (not shown). Mutants for
ush display additional DC bristles. We have examined the
hypomorphic allele ushRev24, which does not have extra
macrochaetes; indeed, the two DC bristles are located at
wild-type locations. Projection of the aDC and pDC bristles
were examined in ushRev24 adult escapers. The projections
were found to display discrete differences with the wild type
(Fig. 3). The arborization as a whole appears more compact
and dense with a greater number of side branches. Addi-
tional side branches are seen both at the point of entry into
the thoracic ganglion and after crossing the midline on the
anterior, main, and posterior cross-branches (8/11 for aDC
and 10/14 for pDC). In addition, there are many varicosities,
an unusual feature for macrochaetes.
Central projection patterns of microchaetes in
D. melanogaster: complexity of branching is dependent on
time of birth of precursor cells
The central projections of individual microchaetes have
not been previously examined so we first examined indetail the projections in D. melanogaster. We focused on
the bristles in the medial, acrostichal region of the scutum.
The positioning of individual microchaetes varies between
individuals, but in the acrostichal region, they are arranged
into five rows with a variable number of bristles per row
(Fig. 4E). We systematically examined individual bristles
from the different rows using DiI. There appeared to be no
correlation between branching patterns and position. The
axonal endings of all the microchaete neurons terminated
at the ventral accessory commissure of the mesothoracic
neuromeres in the ventral part of the ventral ganglion. This
layer corresponds to the ventral association center in other
insects (Ghysen, 1980; Murphey et al., 1989a; Power,
1948). The terminal branches are spread over a layer about
15–20 um thick located at a depth between 12% and 40%
up from the ventral surface of the ganglion. We found that
the majority of individual axon terminals display, in
common, two main branches in the ganglion which we
have labeled anterior and posterior (Fig. 4F). However, the
projections are very variable in detail. The length and
angle of the two branches vary, and the anterior branch
may have accessory branches, the tips of which sometimes
Fig. 3. Projection patterns in u-shaped mutant flies. (D–I) Projection patterns of dorsocentral bristles labeled with DiI. Trace drawings are shown in A–C and J–
L. Projections of both aDC and pDC bristles appear more compact with a greater number of side branches (yellow), when compared to the wild type. More
varicosities (that appear as small dots) can also be seen in the mutant.
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right angle to the body axis, and most cross the midline,
although a few that failed to do so were also observed.Varicosities, thought to be sites of synaptic activity, are
frequently seen over the branches. For ease of presentation,
the projection patterns were categorized into four classes:
Fig. 4. Projection patterns of individual microchaetes. (A–D), Microchaete projection patterns in D. melanogaster labeled with DiI. The projection domain of
microchaetes is schematized in F. The number of branches is variable between different microchaetes, and four categories have been defined, as schematized in
H. Types I and II, shown in A and B, have two branches; the posterior of which extends further in type II and crosses the midline (shown by a vertical white
line). Type III, shown in C, has three branches, and type IV, shown in D, has four or more branches. The projections relative to the leg neuromeres are indicated
in F. (E) The projections of two microchaetes found at reproducible positions, the first immediately above the aDC macrochaete (circled in blue) and the second
between the aDC and pDC macrochaetes (circled in red), were examined. The first displayed 29% type II, 57% type II, and 14% type IV (n = 7). The second
displayed 50% type II, 20% type III, and 30% type IV (n = 10). The lengths of individual microchaetes from rows 1 to 5 on the acrostichal scutum (gray box in
E) are plotted in G. The longest bristles were found in row 5 and the shortest in rows 2 and 4. Yellow dot indicates average length. The frequencies of central
projections of different categories are indicated for rows 5 and 4. The larger bristles of row 5 are associated with a higher frequency of types III and IV, while
those of row 4 are associated with a higher frequency of types I and II. Green line (E) indicates the prescutum. Abbreviations: ab indicates anterior branch; pb,
posterior branch.
A. Usui-Ishihara, P. Simpson / Developmental Biology 277 (2005) 170–183 175types I to IV, based on the complexity of the branching
pattern (Figs. 4A–D, H).
To examine the position more closely, we chose two
bristles that, unlike the majority, can be clearly distinguished
in different animals (Fig. 4E). Central projections of both
bristles were variable and included three of the four types of
branching patterns (see legend to Fig. 4). We also comparedbristles from the extreme anterior or posterior ends of a row
and again could see no consistent differences (not shown).
Thus by comparing individual axons, we were unable to
detect positional specificity.
We next examined the projection pattern in relation to
time of birth of the precursors. The microchaete precursors
in D. melanogaster form within a fairly short time span
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1993). The bristle rows in the acrostichal region arise from
stripes of ac-sc expression (Simpson et al., 1999). The stripe
corresponding to row 5 appears first, followed by that of
row 1, then row 3, and finally rows 2 and 4. Although bristle
precursors begin segregating first in row 5, they are not born
in any specific order within a row, and there is considerable
overlap between the different rows (Usui and Kimura,
1993). Thus it is not possible to rely on position to
determine time of birth. We have determined, however, that
the length of the microchaete shaft is a good indicator of the
relative date of birth (not shown), and so we used this as a
marker. A correlation between length of the bristle shaft and
time of precursor formation has been reported for other
systems (Murphey et al., 1980; Skaer et al., 2000). Overall,
the bristles in row 5 are the longest, and those of rows 2 and
4 are the shortest (Fig. 4G). On average, axon terminals of
bristles of row 5 have more complex branching patterns than
those of the adjacent row 4 (Fig. 4G). The axon terminals of
row 5 bristles display the most variability as do the lengths
of bristle shafts. These data suggest that axons of early-born
microchaetes have the most complex branching patterns and
arborize over a greater area, while those born later have
simpler patterns.
To further investigate the effect of birth date, we
experimentally induced earlier formation of microchaete
precursors by overexpressing the proneural gene sc. There
are two periods of ac-sc expression on the notum, an early
one corresponding to macrochaete precursor formation and
a later one for microchaetes (Cubas et al., 1991; Simpson et
al., 1999; Skeath and Carroll, 1991). We used the Gal4-UAS
system to drive expression of sc in different thoracic
domains (Fig. 5). The drivers used enable us to express sc
at a time that is earlier than the endogenous expression ofFig. 5. Complexity of central projections correlates with length of the bristle shafts
D. The domains of expression driven by sr-Gal4 (A) and pnr-Gal4 (D) are indic
induced early through overexpression of Scute. Bristles induced using sr-Gal4 are
bristle shaft is indicated beside the drawing of the corresponding projection patte
type 4 projections and occasionally resemble the pattern of the aDC macrochaet
macrochaetes. Their projections (C) frequently resemble that of the aDC macroch
this bristle.ac-sc for the microchaetes. Overexpression using the sr-
Gal4 driver is always associated with large bristles that have
longer shafts than those of normal microchaetes, but that are
still considerably shorter than macrochaetes (Fig. 5A).
These bristles display complex projections with a large
number of branches, characteristic of type IV (Fig. 5B).
Indeed many projections were similar to that of the aDC
macrochaete. None of them displayed a type II pattern, the
one most frequently seen in the wild type. Overexpression
using pnr-Gal4, which drives expression at a time over-
lapping the endogenous expression for development of
macrochaetes, leads to the development of very long
bristles, some of which are as long as macrochaetes (Fig.
5D). These often display an aDC-like projection pattern or,
when close to the extant pDC macrochaete, a pDC-like
macrochaete projection (Fig. 5C). They often have more
side branches. We conclude that microchaetes have variable
branching patterns that correlate with time of birth of their
precursors.
Arborizations of microchaetes of specific fasciculation
groups
It has previously been shown that microchaete neurons
on each heminotum in D. melanogaster fall into separate
subgroups according to the fasciculation pattern of their
axons on the scutum (Usui-Ishihara et al., 1995). All
axons of a particular group fasciculate together before
joining an axonal tract pioneered by a macrochaete axon
(Fig. 6I). To investigate a possible relationship between
axonal projections and fasciculation, we have examined
the axon terminals of many microchaetes simultaneously.
First, we employed Gal4-pnr/UAS-GFP flies, in which
the GFP signal labels the axons of all sensory organs. Thoraces of animals in which Scute was overexpressed are shown in A and
ated by dotted white lines. B and C show the projection patterns of bristles
longer than microchaetes but shorter than macrochaetes. The length of the
rn. (The size of macrochaetes ranges from 260 to 340). These bristles have
e. Bristles induced using pnr-Gal4 are much longer, sometimes as long as
aete and occasionally that of the pDC macrochaete (red star), when close to
Fig. 6. Projection patterns of groups of microchaetes. The arborization patterns of all bristles situated in the domain of expression of pannier on the notum (pnr-
Gal4/UAS-GFP) are shown in A. The triangular domain is defined by the anterior (ab) and posterior (pb) branches of the microchaetes. The posterior branch of
the macrochaetes (macrochaete pb) can also be seen. Microchaete axons do not extend posteriorly into the region of the posterior branch of the pDC
macrochaete. The mesh-like structure formed by microchaete axons is seen more clearly in B. B–H show the projection patterns of the four fasciculation groups
of D. melanogaster that have been investigated. The projection domains of about 15 microchaetes of a single group filled simultaneously with DiI are shown.
All four groups can be seen in B, where the aDC and pDC groups were labeled together in the same animal on the right and left heminota, respectively, and
images of the PS and PSA groups have been superimposed. C–F show the aDC and pDC groups from the same animal; the aDC image has been flipped in D
and F and superimposed over the pDC image in D. The PS and PSA groups are shown in G and H, respectively; note their different locations with respect to the
green staining of the pnr-Gal4/UAS-GFP background. The aDC and pDC groups were examined in 24 animals, the PSA group in 8 animals, and the PS group
in 6 animals. I shows the pattern of fasciculation of the four groups of microchaetes investigated and their respective pioneer macrochaetes. J and M axons of
the pDC group of microchaetes revealed by 22C10 staining. At 30 h after puparium formation (APF) (J), bifurcated axons are visible, shown in brown on
drawing in K. At 40 h APF, all axons appear to be single (M and L).
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(see Fig. 5). Outside the CNS, the axons are seen to be
tightly fasciculated forming a single bundle within the
posterior dorsal mesothoracic nerve (not shown). Once in
the CNS, the axons are defasciculated, and their branches
converge over the projection domain (Fig. 6A). The
depth of the projection layer (15–20 um) appeared
similar to that observed for single axonal projections.
The domain is triangular with an anterior apex on the
midline. The anterior branches of the axons from each
heminotum define the left and right sides of the triangle,
while the base of the triangle is made up of the posterior
branches of the axons from either side. There is a greater
density of axon branches at the base of the triangle
where fine microchaete axons from either side of the
body meet across the midline (Figs. 6A, B). The anterior
branches of the microchaetes appear to be located close
to the anterior branches of the macrochaetes, while the
posterior branches of the microchaetes appear to be close
to the main cross-branch of the macrochaetes. The
diameter of microchaete axons is smaller than that of
macrochaetes.
We then applied DiI to between 10 and 15 microchaetes
simultaneously within a fasciculation group. We examined
four groups, named aDC, pDC, PS, and pSA (in italics
hereafter) after each pioneer macrochaete (Fig. 6I). We
compared the aDC and pDC groups by backfilling the
axons of one group on one heminotum, and the axons of
the other on the other heminotum. The distribution pattern
of the sensory endings could then be compared between
the right and left ganglia of the CNS. The aDC and pDC
groups project within the domain of expression of pnr that
covers the medial notum/thoracic ganglion. The presutural
(PS) and the posterior supraalar (PSA) groups project to
regions outside the pnr expression domain, and we
examined their arborizations in the Gal4-pnr/UAS-GFP
background. Differences in regional projections could be
distinguished between the different groups. Sensory end-
ings of the pDC group occupied the posterior medial part
of the microchaete projection domain and appeared in an
evenly distributed, mesh-like pattern (Figs. 6B–E). In
contrast, the anterior branches of the aDC group are
located in the anterior mediolateral part of the projection
domain and are clustered together showing a denser pattern
of bundles (Figs. 6B–D, F). We found that 70% of the flies
examined showed these patterns. The projection domain of
bristles in the PS group is more lateral and shows little
overlap with either the aDC or the pDC groups (Figs. 6B,
G). The PSA bristles also project to a lateral domain but
partially overlap the domains of the aDC and pDC groups
(Figs. 6B, H). On the whole, it appears more compact as
axons seem to have short anterior branches and fewer
cross-branches. So although there is overlap between the
projections of the different groups, their distinctive patterns
suggest that subgroups of contiguous microchaetes carry
regional spatial information.Fasciculation groups and projection patterns of
microchaetes on the scutum of Drosophilidae
The data presented above suggest that patterns of
fasciculation on the scutum may correlate with functional
differences between groups of microchaetes. We have
examined the fasciculation patterns of microchaetes on the
nota of six other Drosophilid species. Extensive inves-
tigation of the relationships between members of the
family Drosophilidae allowed us to perform this study
within a defined phylogenetic framework (Fig. 7G)
(Grimaldi, 1990; Remsen and O’Grady, 2002; Russo et
al., 1995). Although superficially similar, the number and
positioning of microchaetes on the scutum differ in detail
between the seven species (Figs. 4E and 6A–F). The
following observations are based on examination of at least
10 individuals of each species. D. virilis has four
longitudinal rows of microchaetes on the acrostichal region
of the scutum, whereas the other species have five. D.
melanogaster, D. simulans, D. immigrans, and D. eugra-
cilis have four bristles in the transverse row above the
scutal–prescutul suture, whereas D. virilis has four to five
and D. erecta has three. D. yakuba alone has bristles along
the midline of the scutum. There are between 9 and 22
microchaetes in the square delimited by the four DC
macrochaetes, and this number varies both within and
between species.
Variations in the fasciculation groups were also found.
We focused on the pDC group and could distinguish three
classes of fasciculation patterns (Figs. 7H–J). The pattern
seen in D. simulans and D. eugracilis was similar to that of
D. melanogaster. The pDC group is small and confined to
the posterior part of the acrostichal region. In contrast, the
pDC group of D. virilis is much longer, includes more
bristles, and extends anteriorly along the midline into the
prescutum. A similar pattern was seen in an outgroup
species, Ceratitis capitata (Tephritidae). The three species,
D. immigrans, D. yakuba, and D. erecta, display a third
pattern somewhat intermediate between the preceding two:
the pDC group extends for some distance anterior to the
aDC macrochaete but does not reach the prescutum. The
aDC group was also found to have a different shape (not
shown). The different patterns do not appear to correspond
to the degree of relatedness between these species (Fig. 7G),
nor do they correlate with body size or the spatial arrange-
ments of the bristles (Figs. 7A–F).
We also examined the projection pattern of microchaetes
of the different groups in D. virilis. Differences were more
difficult to detect in this species in the absence of the
landmarks that were provided by the pnr-Gal4/UAS-GFP
genotype in D. melanogaster. We could not consistently
detect a difference between the aDC and pDC groups, but
the PS group appeared distinctly different from the others.
The PS group axons had few cross-branches, and their
projection domain was broader and positioned more
anteriorly (not shown).
Fig. 7. Fasciculation groups of different Drosophilidae. The nota of six species used in this study are shown to scale in A–F. The pattern of D. melanogaster can
be seen in Fig. 2F. The macrochaete pattern is conserved between all species, but the microchaete patterns vary in detail, see text. (G) A phylogenetic tree of the
seven species adapted from Remsen and O’Grady (2002) and Russo et al. (1995). (H–J) The fasciculation patterns of microchaete axons belonging to the pDC
group (they fasciculate with the pDC macrochaete axon) of D. melanogaster, D. immigrans, and D. virilis are indicated by the blue shaded area. The two DC
macrochaete neurons are shown in red. Axons of microchaetes belonging to the pDC group are easy to trace because they extend parallel to the epithelial
surface. Axons of other microchaetes first extend along the tendons away from the epithelium before extending laterally and are thus more difficult to trace. The
patterns seen in D. simulans and D. eugracilis resemble that of D. melanogaster, the patterns of D. yakuba and D. erecta resemble that of D. immigrans, and
the pattern of an outgroup species, Ceratitis capitata (Tephritidae), resembles that of D. virilis (not shown).
A. Usui-Ishihara, P. Simpson / Developmental Biology 277 (2005) 170–183 179The pDC fasciculation group of microchaetes has unique
features
The data presented above show that the fasciculation
patterns and the projection patterns of different subgroups
of microchaetes are correlated. This may indicate that the
microchaete neurons within a subgroup share common
features. Consistent with this possibility is the observationthat the axonal morphology of one of the four subgroups
differs from the others. Most of the notal microchaetes
extend a single axon that joins with others of its group to
form a peripheral fasciculation pattern (Fig. 6I). However,
most, if not all, microchaetes of the pDC group in D.
melanogaster extend a bifurcated axon (Figs. 6J, K).
These are a distinctive feature of pDC group micro-
chaetes; elsewhere, microchaetes were always seen to
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pupariation, when axonogenesis begins, pDC micro-
chaetes extend bifurcated axons towards the preexisting
pDC macrochaete axon and fasciculate with one another.
The bifurcated axons are retained for at least 13–14
hours. Staining with the 22C10 antibody gave equally
strong signals for both branches of the bifurcated axons
until 37–38 hours after pupariation. This is about the time
when the microchaete axons enter the CNS. Some time
before 40 hours after pupariation, the 22C10 signal in one
branch begins to fade, and by 40 hours, one branch is
eliminated leaving only a single axon (Figs. 6L, M). We
do not know whether either or both branches of these
axons make contacts in the CNS before the peripheral
pathway is refined, but as the refinement correlates in
time with entry of axons to the CNS, one of the two
branches may be chosen after a proper connection has
been made. DiI application is not possible at early pupal
stages, so we were unable to verify this. As in D.
melanogaster, bifurcated axons could be seen extending
from neurons of the pDC group, but not from those of
any other group, in the six other species examined (not
shown).
pDC group bristles also differ in their capacity to elicit
cleaning behavior. Many bristles when stimulated in a
decapitated fly initiate a cleaning reflex, whereby a
patterned set of leg movements cleans the field covered
by the stimulated bristles (Vandervorst and Ghysen, 1980).
The microchaetes of D. melanogaster vary in their
response to tactile stimulation; for example, those of the
aDC group respond poorly, while those of the pDC group
respond well (Usui-Ishihara et al., 1995). Furthermore,
stimulation of pDC bristles elicits a sweeping motion of
the third leg from anterior to posterior, such that it cleans
the entire notum (Corfas and Dudai, 1991) (unpublished
observations). In experiments repeated here, while only 4%
of aDC group microchaetes responded to stimulation, 77%
of pDC group microchaetes responded (n = 200). We also
looked at the cleaning response in D. virilis and found that
these differences appear to be conserved. Microchaetes
above the aDC macrochaete gave a poor response, 15.5%
(n = 200); note that because of the expanded pDC domain,
some of these are in fact pDC group bristles (Fig. 7J).
Microchaetes of the pDC group gave a better response,
54% (n = 48).
Unlike all of the other groups, the pDC group of
microchaetes in D. melanogaster is situated on an area of
the scutum devoid of tendons. Their axons thus extend
laterally over the surface of the epithelium. We observed
that in the other six species too, microchaetes of the pDC
group were situated outside the sites of muscle attachment
(not shown). Tendons are found over most other areas of the
scutum and extend from the epidermis to join up with the
indirect flight muscles. The axons of microchaetes belong-
ing to the other groups first grow down the tendons before
extending laterally.Discussion
There are only two central projection patterns for
dorsocentral macrochaetes; these are conserved between
different species of Drosophilidae
We find that the aDC and pDC macrochaetes of D.
virilis, D. erecta, and D. ararama, situated at conserved
locations, display central projection patterns similar to the
aDC and pDC bristles of D. melanogaster. This conserva-
tion may even extend to other families of cyclorraphous
flies (Murphey et al., 1989a). The common ancestor of D.
virilis and D. melanogaster is thought to date back about 60
million years (Remsen and O’Grady, 2002; Russo et al.,
1995). The projection pattern in D. melanogaster has been
shown to depend upon the position at which the bristle
precursor is born (Ghysen, 1980). So if the discrete
arborization patterns reflect specific functions, then con-
servation of such functions would require conservation of
the positions of the bristle precursors. This would constrain
the positions occupied by bristles and could account for the
conservation of bristle patterns. The positions of notal
macrochaetes are indeed remarkably conserved throughout
cyclorraphous (higher) flies, and in acalyptrate flies
particularly, there is a pronounced tendency for individual
macrochaetes to occupy precisely defined positions (McAl-
pine, 1981; Pistillo et al., 2002; Simpson et al., 1999).
D. melanogaster, D. erecta, D. ararama, and D. virilis
have only two DC bristles on each heminotum that occupy a
posterior location on the scutum. In contrast, D. quad-
rilineata has four or five DC bristles arranged in a row
extending to the entire length of the scutum. Surprisingly,
we find that there are only two types of central projections
for DC bristles in this species. All DC bristles display a
projection pattern resembling that of either the aDC or pDC
macrochaete of D. melanogaster. No other novel projection
patterns, nor any intermediates, were observed in the DC
row. The posteriormost bristle that is in a conserved position
is invariably of the pDC-type, and the anteriormost ones,
including those on the prescutum, are invariably of the aDC-
type. The bristle in between, next to the pDC, displays
variability and may have either an aDC-type or, when closer
to the pDC bristle, a pDC-type projection. In D. mela-
nogaster too, ectopic DC macrochaetes in emc mutants, or
induced by overexpression of Scute, are of the aDC- or
pDC-type depending on their position.
These observations suggest that there are only two
distinct positional identities along the anterior–posterior
axis of the notum of Drosophilid flies each dictating one of
two projections. If so, two neuronal specificities for DC
bristles may provide sufficient information. This would
imply that there are only two discrete functions for DC
bristles. If there are only two functions, which can be
achieved by appropriately positioning two bristles, then
additional bristles may only provide redundant information.
In this respect, it is of interest to note that there has been a
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placed bristles. Thus the DC row comprises only postsu-
tural bristles, and these may be further restricted to two
bristles, as in most Drosophilidae (Garcia-Bellido, 1983;
Sturtevant, 1970). Anterior–posterior expansion of the
mesothorax may be a relatively recent feature acquired
specifically in Diptera to house the powerful flight muscles
of these insects.
In contrast, it is possible that there are a greater number
of positional differences across the dorsoventral (medial–
lateral) axis of the notum. Most patterns are derived from a
bauplan of four rows of macrochaetes (of which one is the
DC row) that appears to be of ancient origin (McAlpine,
1981; Simpson et al., 1999). It will be interesting to
determine whether bristles from different rows have specific
identities. Notably, a study of gene expression patterns on
the notum of D. melanogaster uncovered many genes
expressed in discrete longitudinal domains, and rather few
expressed in discrete transverse domains (Calleja et al.,
2002). One such gene that is expressed in a longitudinal
medial domain adjacent to the DC bristles is ush (Cubadda
et al., 1997; Haenlin et al., 1997). We find that reduced
activity of ush causes discrete differences in the arborization
pattern of the DC bristles. Together with a previous report
suggesting transformation between different bristles asso-
ciated with the iroquois genes, these results suggest a role
for the prepattern genes in determining neuronal specificity
for the macrochaetes (Grillenzoni et al., 1998). They also
demonstrate the power of this approach to uncover the
genetic control of neuronal identity.
Position and fasciculation patterns of microchaetes are
rapidly evolving traits in the family Drosophilidae
In contrast to the macrochaetes, the microchaetes of
cyclorraphous flies do not occupy fixed positions. Micro-
chaete precursors form later than those of macrochaetes, and
they are correspondingly more numerous and densely
packed. In most species, microchaetes are randomly
distributed over the notum, but in a few, notably within
the family Drosophilidae, they may be arranged into
longitudinal rows in the acrostichal region of the scutum
(Grimaldi, 1990). The number of rows varies considerably,
however, even between closely related species, and some
variation within species can be detected (Grimaldi, 1990;
Simpson et al., 1999). Even in species with rows, the
number of bristles per row and hence the precise position of
each bristle vary between individuals. Such variability is
seen for the seven species studied here.
Microchaete axons in D. melanogaster were shown
earlier to form a specific peripheral fasciculation pattern on
the notum (Usui-Ishihara et al., 1995). Specific subpopu-
lations of microchaetes fasciculate together before joining
the pioneer axon of one of the macrochaetes. The spatial
organization of the fasciculation groups bears no relation
to the arrangement of the bristles into rows. We havestudied six other species of Drosophilidae and find that
their fasciculation patterns differ. Three different patterns
were observed in the acrostichal region. The pDC
fasciculation group varies considerably in size and shape,
in some species extending along the midline into the
prescutum. There is no correlation between the bristle
patterns and the fasciculation patterns of the seven species
we have studied; nor is there any correlation with body
size. Furthermore, none of these traits correlate with the
phylogenetic relationships between the species. It therefore
appears that the peripheral fasciculation patterns, as well as
the spatial arrangements of microchaetes, are rapid,
independently evolving traits.
Do microchaetes belonging to a specific fasciculation group
bear a common genetic label?
We found that, in D. melanogaster, the axons of bristles
belonging to specific fasciculation groups appear to project
to distinct regions of the ventral mesothoracic ganglion.
Each group arborizes over a preferred region of the total
microchaete projection domain, although there is some
overlap between the groups. One possibility is that the
fasciculation patterns could be a result of axonal guidance
cues that differ regionally over the epithelium. Another
possibility is that microchaete neurons belonging to a
specific fasciculation group share a common molecular
label that determines their projection pattern. An argument
in favor of the latter is that microchaetes of the pDC group
display specific features not found in other groups, notably
their bifurcated axons and rapid response to tactile
stimulation. These differences appear to be conserved in
D. virilis. However, it is noteworthy that microchaetes of
the pDC group are situated on an area of the scutum
devoid of muscle in all seven fly species studied. Micro-
chaetes of other groups are situated in areas where the
indirect flight muscles attach via tendons produced by cells
situated between the bristle cells (Fernandes et al., 1996;
Usui-Ishihara et al., 1995). Therefore, the epidermal
structures surrounding the pDC group, when compared
to the other groups of bristles, are different, and this may
be sufficient to account for the different response. In this
respect, it is noteworthy that, in D. virilis where the aDC
and pDC groups of microchaetes are close together due to
the expansion of the pDC group along the midline up to
the prescutum, we were unable to detect a difference in the
projection domains between these two groups. In contrast,
a difference could be seen between the PS and pDC
groups which are far apart.
Regional specificity would allow microchaetes in differ-
ent regions of the scutum to broadly project to different
domains of the mesothoracic ganglion. However, this alone
would be insufficient to account for the final orderly
projection of their neurons. One way in which this could
occur is through activity dependence of their final
projections. We have not investigated this, but a notable
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that they are bifurcated at the periphery. This is an unusual
morphological feature seen in all the species examined. It
is transient and the projections are refined to single axons
at or soon after the time they reach the CNS. Refinement
of the neural network during development has been widely
documented in vertebrates and shown to be important in
establishing appropriate connections for the formation of
topographic projections (Lichtman and Colman, 2000;
McLaughlin et al., 2003; O’Rourke et al., 1994). There
are few reports of such refinement in insects. Two
examples are the filiform hairs in the cricket that display
gradual, function-related changes in the positions of the
axon terminals, and the axon terminals of the filiform hairs
on the prosternum of locusts that are tuned by activity-
dependent signals (Chiba et al., 1988; Jacobs and
Theunissen, 2000; Lnenicka and Murphey, 1989; Murphey,
1986; Murphey and Lemere, 1984; Pfluger et al., 1994;
Shepherd and Murphey, 1986).
Our results point to clear differences between the
macro- and microchaetes (Palka, 1993). Each macrochaete
is thought to be genetically unique. Macrochaetes occupy
defined positions on the notum, and their axons display
discrete invariant projection patterns. It has been shown
that the central projections of macrochaetes are unaffected
by changes in electrical activity (Burg and Wu, 1989;
Corfas and Dudai, 1991). In contrast, the microchaetes are
variable in position and in terms of the number of axonal
branches formed. Axons of earlier born microchaetes,
wherever they were positioned, displayed more branches
and arborized over a greater area (see also (Murphey et al.,
1980). So perhaps microchaetes do not display individual
identities, but their projections are refined in an activity-
dependent manner after they reach the CNS. If a coarse
topographical pattern of microchaete axon terminals is
fine-tuned through an activity-dependent signal, then it
may be that the precise projection of any individual axon
and hence the position of any individual bristle are not
significant. This may explain our inability to detect
differences in central projection patterns between individ-
ual microchaetes that relate to their position. It would also
account for the high density of microchaetes and the
variability, both within and between species, of their
spatial arrangements. We hypothesize that macro- and
microchaetes perform different functions that impose
different evolutionary constraints on the arrangements of
these bristles on the notum.Acknowledgments
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